p120-catenin is an adherens junction-associated protein that controls E-cadherin function and stability. p120-catenin also binds intracellular proteins, such as the small GTPase RhoA. In this paper, we identify the p120-catenin N-terminal regulatory domain as the docking site for RhoA. Moreover, we demonstrate that the binding of RhoA to p120-catenin is tightly controlled by the Src family-dependent phosphorylation of p120-catenin on tyrosine residues. The phosphorylation induced by Src and Fyn tyrosine kinases on p120-catenin induces opposite effects on RhoA binding. Fyn, by phosphorylating a residue located in the regulatory domain of p120-catenin (Tyr112), inhibits the interaction of this protein with RhoA. By contrast, the phosphorylation of Tyr217 and Tyr228 by Src promotes a better affinity of p120-catenin towards RhoA. In agreement with these biochemical data, results obtained in cell lines support the important role of these phosphorylation sites in the regulation of RhoA activity by p120-catenin. Taken together, these observations uncover a new regulatory mechanism acting on p120-catenin that contributes to the fine-tuned regulation of the RhoA pathways during specific signaling events.
p120-catenin is an adherens junction-associated protein that controls E-cadherin function and stability. p120-catenin also binds intracellular proteins, such as the small GTPase RhoA. In this paper, we identify the p120-catenin N-terminal regulatory domain as the docking site for RhoA. Moreover, we demonstrate that the binding of RhoA to p120-catenin is tightly controlled by the Src family-dependent phosphorylation of p120-catenin on tyrosine residues. The phosphorylation induced by Src and Fyn tyrosine kinases on p120-catenin induces opposite effects on RhoA binding. Fyn, by phosphorylating a residue located in the regulatory domain of p120-catenin (Tyr112), inhibits the interaction of this protein with RhoA. By contrast, the phosphorylation of Tyr217 and Tyr228 by Src promotes a better affinity of p120-catenin towards RhoA. In agreement with these biochemical data, results obtained in cell lines support the important role of these phosphorylation sites in the regulation of RhoA activity by p120-catenin. Taken together, these observations uncover a new regulatory mechanism acting on p120-catenin that contributes to the fine-tuned regulation of the RhoA pathways during specific signaling events.
E-cadherin function is controlled posttranslationally by a family of proteins, named catenins, that bind to its cytosolic tail. Two members of this family, p120-catenin and ␤-catenin, interact at different sites of the E-cadherin molecule and are engaged in distinct functions. Whereas ␤-catenin is required for recruiting the actin cytoskeleton, p120-catenin is necessary for the stabilization of E-cadherin at the cell membrane (3) . As a consequence, E-cadherin is rapidly internalized and degraded in the absence of p120-catenin (7, 13) . Consequently, p120-catenin ablation in vivo causes E-cadherin deficiency, leading to severe defects in adhesion, cell polarity, and epithelial morphogenesis (7) .
Besides this role in regulating E-cadherin stability, p120-catenin interacts with other proteins involved in the modulation of cell-to-cell contacts. For instance, p120-catenin associates with Fer and Fyn tyrosine kinases (16, 27, 36) . These kinases specifically phosphorylate ␤-catenin in Tyr142 (27) , a modification that promotes release of ␤-catenin from the adherens junctional complex and transport to the nucleus (2, 27) . Moreover, p120-catenin can interact with the Yes tyrosine kinase (27) and with a number of phosphotyrosine (PTyr) phosphatases, such as PTP (39) , DEP1 (12) , and SHP-1 (14, 21) . These multiple associations suggest a role for p120-catenin as a scaffold protein for enzymes regulating events such as the stability of the adherens junctional complex (29) .
p120-catenin modulates the activity of other cellular factors. Similarly to ␤-catenin, it can be detected in the nucleus (34) , where it interacts with the transcriptional factor Kaiso (6) . Studies performed with Xenopus laevis have demonstrated that association of p120-catenin relieves the repression caused by Kaiso on Wnt signaling (17, 25) .
Several results indicate that p120-catenin can also control the activity of small GTPases. For instance, overexpression of p120-catenin represses RhoA activity (1, 23) and activates Rac1 (10, 23) . Effects on RhoA have been attributed to the ability of p120-catenin to behave as a Rho guanine nucleotide dissociation inhibitor (RhoGDI), a biological activity that inhibits RhoA activity by blocking its normal exchange of guanosine nucleotides (1) . The direct interaction of p120-catenin and RhoA has also been detected in living cells (20) . The activation of Rac1 seems to be more indirect, occurring through the interaction of p120-catenin with the guanosine nucleotide exchange factor (GEF) Vav2 (23) . It has been shown recently that repression of Rho activity by p120-catenin affects the activation of NF-B transcriptional factor, since epidermal cells from conditional p120-catenin null mice activate nuclear NF-B (26) .
p120-catenin contains a central armadillo domain with 10 tandem 42-amino-acid repeats that is responsible for binding E-cadherin and a 325-amino-acid-long N-terminal regulatory domain. The latter region has several tyrosine residues that can be phosphorylated in vivo by tyrosine kinases (see Fig. 1A ). Despite this evidence, the role of tyrosine phosphorylation in the association of p120-catenin with the different cofactors remains unknown except in the case of E-cadherin: phosphorylation of p120-catenin by Src increases the in vitro association of these two proteins (30) . In this article, we present new results demonstrating that Src and Fyn can phosphorylate the regulatory domain of p120-catenin with different functional outcomes. Moreover, we have identified Tyr112, a residue of p120-catenin specifically phosphorylated by Fyn, as a key regulator of the p120-catenin-RhoA interaction both in vitro and in vivo.
MATERIALS AND METHODS
Generation of p120-catenin mutants. The full-length coding region of mouse p120Cas1B (obtained from Albert Reynolds, Vanderbilt University) was cloned into the EcoRV site of cDNA3.1 (Invitrogen). A DNA fragment encoding the entire open reading frame of mouse p120-catenin was released from pcDNA3.1-p120-catenin(1-911) (fragment comprising amino acids 1 to 911) by EcoRI and NotI digestion and cloned into EcoRI/NotI-linearized pGEX-6P3 (GE Healthcare). To generate the bacterial expression plasmid pGEX, encoding a glutathione S-transferase (GST) protein fused to the p120-catenin region encompassing amino acids 234 to 911, the cDNA fragment was released from pcDNA3-Cas1 plasmid by digestion with SmaI/NotI and cloned into SmaI/NotI-linearized pGEX-6P1. The armadillo repeat domain of p120-catenin (amino acids 350 to 824) was amplified by PCR using as a template the pcDNA3.1-p120-catenin plasmid and primers annealing to the nucleotide sequences 1050 to 1064 and 2457 to 2472. To allow the subsequent cloning step, these oligonucleotides were modified to include EcoRI and EcoRV sites at their respective 5Ј ends. The 1.4-kbp-long cDNA fragment obtained was then digested with those enzymes and cloned into pGEX-6P1 previously digested with EcoRI/SmaI. The 0.8-kbplong p120-catenin cDNA fragment encompassing amino acids 350 to 911 was generated by cutting the pGEX-p120-catenin(1-911) plasmid with XhoI and NotI and subsequently ligating it to the XhoI/NotI-digested p120-catenin(350-824) plasmid. A DNA fragment encoding amino acids 1 to 234 of p120-catenin was amplified by PCR from pcDNA3.1-p120-catenin by using appropriate primers containing either EcoRI or BamHI sites at their 5Ј ends. The 0.7-kbp amplification fragment was then digested with EcoRI and BamHI and cloned into the same sites of pGEX-6P2. To generate p120-catenin(1-96), the pGEX-p120-catenin(1-911) plasmid was digested with NotI and BsrGI, filled in, and religated. The fragment of p120-catenin from amino acids 102 to 911 was obtained by PCR using oligonucleotides including restriction sites for EcoRI and SacII at their 5Ј ends. The PCR product was digested with SacII, and overhang ends were filled with Klenow polymerase. The product was then digested with EcoRI and ligated in pGEX-6P1 that was digested with EcoRI and SmaI. The pGEX-6P3-RhoA plasmid was generated from pGEX-4T3-RhoA, containing the full-length human RhoA sequence, by standard cloning procedures using the flanking EcoRI and BamHI sites present in the plasmid polylinkers. p120-catenin point mutants (Y96E, Y96F, Y112E, Y112F, Y217E, Y217F, Y228E, and Y228F mutants) were obtained using a QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions and either phrGFP-p120-catenin wild type (where GFP is green fluorescent protein) or p120-catenin(1-234) as the template. The sense primers used for the generation of the above-described mutants were, respectively, 5Ј-AACCACCTTCTG GAAAGCACTATCCCC-3Ј, 5Ј-AACCACCTTCTGTTTAGCACTATCCCC-3Ј, 5Ј-ATTGTGGAAACCGAAACCGAG GAGGAC-3Ј, 5Ј-ATTGTGGAAACCT TTACCGAGGAGGAC-3Ј, 5Ј-GGGTATGGCC GACACGAAGAAGATGGTT ATCC-3Ј , 5Ј-GGGTATGGCCGACACTTTGAAGA TGGTTATCC-3Ј, 5Ј-TGG CAGTGACAACGAAGGCAGTCTGTCC-3Ј, and 5Ј-TGGCAGTGACAACTTT GGCAGTCTGTCC-3Ј. Nucleotides modified with respect to the p120-catenin sequence (GenBank accession number Z17804) are indicated in bold.
Generation of GFP-p120-catenin constructs. A DNA fragment encoding amino acid 8 to the C terminus of p120-catenin was obtained from pGEX-p120-catenin(1-911) by using oligonucleotides corresponding to nucleotide sequences 22 to 36 and 2717 to 2733 that contained EcoRI and SacII sites at the respective 5Ј ends. The 2.7-kbp amplification fragment was digested with EcoRI and SacII and cloned in the same sites of phrGFP-N1 (Stratagene). phrGFP-p120-catenin(234-911) was generated from pGEX-p120-catenin(1-911) by using oligonucleotides corresponding to nucleotide sequences 693 to 704 and 2717 to 2733 that contained EcoRI and SacII sites at the respective 5Ј ends. The 2-kbp amplification fragment was digested with EcoRI and SacII and cloned in the same sites of phrGFP-N1.
Preparation of recombinant RhoA and loading with GDP or GTP. GST fusion proteins containing full-length human RhoA were expressed in Escherichia coli and purified by affinity chromatography on glutathione-Sepharose. GST-RhoA was first incubated with 200 l of binding buffer (20 mM Tris, pH 7.5, 100 mM EDTA, 100 mM NaCl, 0.1% Triton X-100, 1 mM dithiothreitol [DTT], 10 g/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride) for 30 min at room temperature in order to release the bound nucleotides. For GDP or GTP binding, the same buffer was supplemented with 50 mM MgCl 2 plus GDP or GTP-␥-S (450 M) (Sigma) and proteins were incubated for 25 min at room temperature. Loaded RhoA bound to Sepharose beads was washed with binding buffer in order to eliminate unbound nucleotides. Beads containing the loaded GTPase were used for binding assays to p120-catenin as described below. When required, the fusion protein was cleaved with PreScission protease (GE Healthcare) to remove the GST tag.
Protein binding assays. GST fusion proteins corresponding to the indicated forms of p120-catenin, the cytoplasmic domain of E-cadherin (cytoEcad), or ␤-catenin were expressed in E. coli and purified by affinity chromatography on glutathione-Sepharose (30) . Binding assays were carried out by incubating the indicated protein with a constant amount of either GST fusion protein used as bait or the nonchimeric GST used as a control. Details of these assays have already been described (27, 30) . Pull-down assays were performed by using purified recombinant proteins fused to GST and cell extracts from RWP-1 cells, NIH 3T3 cells, and IEC-18 cells overexpressing K-ras oncogene (IEC-K-Ras cells), as reported previously (30) . Glutathione-Sepharose-bound proteins were analyzed by Western blotting with specific monoclonal antibodies (MAbs) against p120-catenin, RhoA, E-cadherin, Fyn, PTyr, p120-catenin pY96, p120-catenin pY228 (all from Transduction Laboratories), AU5 tag (Covance), and GFP (Clontech). The polyclonal antibody to the GST protein was from GE Healthcare. Serial immunoblot assays were performed after stripping the membranes. All binding assays were repeated three times. In order to quantify the amount of bound protein, the autoradiograms were scanned in a densitometer.
Cell fractionation and immunoprecipitation. Cytosolic fractions were prepared by homogenizing cells in buffer C (25 mM Tris-HCl, pH 7.6, 200 mM NaCl, 1 mM EGTA, 1 mM DTT, 5 mM MgCl 2 ) supplemented with protease inhibitors (0.3 M aprotinin, 1 M leupeptin, 1 M pepstatin,1 mM Pefabloc) and phosphatase inhibitors (10 mM NaF, 0.1 mM sodium orthovanadate). Cell homogenates were centrifuged at 20,000 ϫ g for 5 min at 4°C to obtain the cytosolic fractions. Pellets were resuspended in the same volume of radioimmunoprecipitation assay buffer (25 mM Tris-HCl, pH 7.6, 200 mM NaCl, 1 mM EGTA, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40) supplemented with protease and phosphatase inhibitors. After passing cells 10 times by a 20-gauge syringe, extracts were left on ice for 20 min and centrifuged at 20,000 ϫ g for 5 min at 4°C. Supernatants constituted the membrane-associated fraction. Alternatively, cell extracts were prepared by resuspending cells in buffer D (50 mM Tris-HCl, pH 7.6, 200 mM NaCl, 5 mM MgCl 2 , 0.1% Nonidet P-40, 1 mM DTT) supplemented with protease and phosphatase inhibitors. Lysates were centrifuged at 12,000 ϫ g in a microfuge for 15 min at 4°C.
Proteins were immunoprecipitated from cell extracts (100 to 300 g) by using 4 g/ml of the appropriate antibody for 16 h at 4°C and then collected using 30 l of protein A-agarose (Sigma). Immunoprecipitates were washed three times with lysis buffer and proteins bound to beads directly eluted with electrophoresis sample buffer and analyzed by Western blotting. When appropriate, mouse TrueBlot reagent (BD Biosciences) was used as a secondary antibody in order to eliminate interferences in the autoradiogram.
Fluorescence microscopy. NIH 3T3 cells were transfected with GFP-p120-catenin wild type, GFP-p120-catenin Y112E, GFP-p120-catenin Y217E, and GFP-p120-catenin(234-end) by using Lipofectamine (Life Technologies) according to the manufacturer's instructions. Cells were plated on glass coverslips and fixed with 4% paraformaldehyde 2 days after transfection. After 20 min, coverslips were washed with phosphate-buffered saline for 5 min and with water for 3 min. Coverslips were mounted onto glass slides and cells visualized by confocal microscopy. Rhodamine-conjugated phalloidin (Sigma) was used to visualize F-actin distribution.
Kinase assays. c-Src and recombinant Fyn kinase were purchased from Upstate Biotechnology. Fer kinase was cloned in pcDNA3-His(C) (Invitrogen) that labeled the protein with Xpress and poly-His tags, transfected to RWP-1 cells, and purified by nickel-agarose chromatography (27) . Phosphorylation assays were performed in a final volume of 50 l of kinase buffer (25 mM Tris-HCl, pH 6.8, 25 mM MgCl 2 , 5 mM MnCl 2 , 0.5 mM EGTA, 1 mM DTT, 0.25 mM sodium orthovanadate, 0.1 mM ATP) for either 2 h at 23°C (in the case of Src assays) or 1 h at 30°C (in the case of Fer and Fyn assays). pEF-Bos-active Fyn was a kind gift of A. Carrera (Centro Nacional de Biotecnología, Madrid, Spain).
GDP dissociation assays.
The effect of purified GST-p120-catenin on the dissociation of [ 3 H]GDP from RhoA was examined by preloading GST-RhoA (20 pmol) with [ 3 H]GDP (1.5 M, 1,000 cpm/pmol) for 10 min at 30°C. Incubations were performed in the presence of 25 mM Tris-HCl, pH 7.8, 120 mM NaCl, 1 mM EDTA, and 3 mM MgCl 2 in a final volume of 100 l. 
RESULTS
RhoA binds to the regulatory domain of p120-catenin. In order to study the binding of p120-catenin to RhoA and Ecadherin, we expressed several p120-catenin deletion mutants as GST fusion proteins (Fig. 1A) . Binding assays demonstrated that RhoA interacts similarly with a p120-catenin fragment comprising amino acids 1 to 234 and the full-length protein ( Alternative splicing in the N-terminal domain gives rise to isoforms 1, 2, 3, and 4, each initiating at distinct ATG start codons (1, 55, 102, and 340, respectively) (arrows). The regulatory domain contains nine tyrosines (Y96, Y112, Y217, Y228, Y257, Y280, Y291, Y296, and Y302) capable of being phosphorylated in vitro (15, 17) . The length and composition of the protein fragments used in this work are shown. (B) GST fusion proteins (1.5 pmol) were incubated with 5 pmol of RhoA. Protein complexes were affinity purified with glutathione-Sepharose and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting (WB) with anti-RhoA MAb. RhoA (1.2 pmol) was included as an internal reference standard (St). When indicated, the assay was performed in the presence of a 100-fold molecular excess of cytoEcad. Blots were reanalyzed with anti-GST to ensure that similar amounts of fusion proteins were present in all cases. (C) GST-p120-catenin fusion proteins or GST-␤-catenin (7 pmol) was incubated with 270 g of whole-cell extracts from RWP-1 cells. Protein complexes were affinity purified as described above and analyzed with anti-E-cadherin and anti-GST MAbs. In the Input lane, 5% of the total cell extract used for the assay was loaded. (D) Either GST-cytoEcad or GST (1.2 pmol) was incubated with 30 pmol of RhoA in the presence of 3 pmol of p120-catenin-1 when indicated. Protein complexes were affinity purified with glutathione-Sepharose and analyzed with specific MAbs. p120-catenin (0.6 pmol) was included as an internal reference standard. In panels B, C, and D, the numbers below the lanes correspond to the amounts of bound RhoA, E-cadherin, or p120-catenin, respectively, determined after densitometry, compared to the standard or to the amount bound to full-length GST-p120-catenin. The results presented in this figure correspond to an experiment representative of three performed.
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at Biblioteca de la Universitat Pompeu Fabra on July 4, 2007 mcb.asm.org ing the sequence from amino acid 234 to the end or the first 96 amino acids of p120-catenin was observed (Fig. 1B , lanes 4 and 6). A p120-catenin form comprising amino acids 102 to the end, which corresponds to isoform 3, bound RhoA similarly to the full-length protein (Fig. 1B , right panel, lanes 2 and 3). Therefore, these results suggest that the binding site for RhoA in p120-catenin was mapped in the regulatory domain of p120-catenin, probably between amino acids 102 and 234. As has been proposed previously, E-cadherin bound to a protein fragment comprising amino acids 350 to 824, including the armadillo repeat domain (Fig. 1C , lane 5). The interaction of Ecadherin with this domain was twofold stronger than its association with the full-length p120-catenin (Fig. 1C , lanes 3 and 5), similarly to that shown for ␤-catenin (Fig. 1C , lanes 2 and 5). As expected, E-cadherin did not bind to p120-catenin(1-234) (data not shown). E-cadherin and RhoA could be detected interacting simultaneously with p120-catenin, further suggesting that those proteins bind to different regions of p120-catenin (Fig. 1B , lane 3). Additional binding experiments demonstrated that RhoA associated to GST-cytoEcad only when p120-catenin was present (Fig. 1D , lane 3), indicating that a complex of the three proteins can be formed.
Phosphorylation of the regulatory domain by different kinases affects binding of p120-catenin to RhoA and E-cadherin.
Our results indicate that RhoA associates to the regulatory domain of p120-catenin, a sequence known to be heavily phosphorylated by several tyrosine kinases (21, 22, 24) . These observations led us to check whether this interaction might be modulated by tyrosine phosphorylation. To this end, we analyzed the effect of recombinant Src and Fyn tyrosine kinases and of immunopurified Fer tyrosine kinase on the p120-catenin-RhoA interaction. Surprisingly, whereas phosphorylation by Fer and Src kinase stimulated p120-catenin-RhoA binding ( Fig. 2A , upper panel, compare lane 2 with lanes 4 and 5), Fyn totally prevented it ( Fig. 2A, upper panel, lane 3 ). Fyn had a dominant effect on this regulation, since simultaneous phosphorylation of p120-catenin by Src and Fyn diminished the amount of RhoA associated to this protein with respect to the control, unphosphorylated protein ( Fig. 2A , upper panel, compare lanes 2 and 6). Similar results were observed when the effects of Fyn and Src on the binding of RhoA to the Nterminal p120-catenin(1-234) fragment were analyzed (Fig.  2B, upper panel, lanes 2, 3, and 4) , indicating that the relevant tyrosine residues under the control of this interaction were placed within this sequence. Effects of the kinases were dependent on the addition of ATP (data not shown), demonstrating that although Fyn interacts with this domain, repression of RhoA binding is not due to steric competition.
The effect of the phosphorylation of p120-catenin by these kinases on E-cadherin binding was also determined. In the three cases studied, phosphorylation promoted an increased association between p120-catenin and E-cadherin ( Fig. 2A , second panel from top, compare lane 2 with lanes 3, 4, and 5). This effect was not observed when binding of E-cadherin to the armadillo repeat domain of p120-catenin (amino acids 350 to 824) was analyzed, since this domain was not phosphorylated by any of these kinases under our experimental conditions (data not shown).
Fyn-mediated phosphorylation of Tyr112 of p120-catenin interferes with its binding to RhoA. Since the effect of Fyn on p120-catenin-RhoA binding was dominant, we reasoned that this kinase was probably targeting a Tyr residue not recognized by Src. Therefore, we searched for a Tyr residue in the p120-catenin(1-234) amino acid sequence modified differently by Fyn and Src kinases. Four Tyr residues have previously been reported to be phosphorylated in this region: Tyr96, Tyr112, Tyr217, and Tyr228 (Fig. 3A) (21, 24) . Other putative phosphorylation site tyrosines of the regulatory domain are located downstream of amino acid residue 234. Taking advantage of the availability of monoclonal antibodies specific for PTyr96 and PTyr228, we first checked whether either of these two residues was phosphorylated differently by Fyn and Src. These two residues were modified similarly by both kinases (see Fig.  SA1 in the supplemental material), ruling out the possibility that modification of either of these two amino acids is responsible for the different effects of Fyn.
FIG. 2.
Tyrosine phosphorylation of p120-catenin modulates its interaction with RhoA. Full-length GST-p120-catenin (A) or GST-p120-catenin(1-234) (B) was phosphorylated with Fyn, Fer, Src, or Fyn and Src tyrosine kinases, as described in Materials and Methods. Control and phosphorylated GST-p120-catenin proteins or GST as a control (1.5 pmol) were incubated with 5 pmol of RhoA (upper panel) or with 2 pmol cytoEcad (middle panel) in a final volume of 200 l. Protein complexes were affinity purified with glutathione-Sepharose and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting (WB) with specific MAbs. RhoA (1 pmol) (A and B) or cytoEcad (0.1 pmol) (A) were included as internal reference standards (St). The numbers below the lanes correspond to the amounts of RhoA or E-cadherin bound to GST-p120-catenin fusion proteins compared to the standard. The results presented in this figure correspond to an experiment representative of at least three performed.
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CASTAÑ O ET AL. MOL. CELL. BIOL. To further characterize the phosphorylation sites involved in this regulatory step, we mutated tyrosines 112 and 217 to phenylalanine. We performed these mutations in a p120-catenin(1-234) fragment in which the tyrosine residues at positions 96 and 228 had been replaced previously by phenylalanine residues in order to eliminate the background phosphorylation induced by Fyn and Src in those amino acids. As shown in Fig.  3B , the Tyr112Phe and Tyr217Phe p120 mutations differently (E) Pull-down assays were performed by incubating 6 pmol of the different GST-p120-catenin point mutants with 300 g of whole-cell extracts from RWP-1 cells; protein complexes were affinity purified with glutathione-Sepharose and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting with anti-E-cadherin. Blots were reanalyzed with anti-GST antibodies to ensure equal loading of samples. In the Input lane, a sample containing 5% of the total cell extracts used for the assay was loaded. (F) RWP-1 cells were cotransfected with different GFP-p120-catenin fusion proteins and pEF-Bos-active Fyn or the empty plasmid. After 48 h, cell extracts were prepared, 300 g of each cell extract was immunoprecipitated with anti-GFP, and the associated proteins were analyzed with specific MAbs against GFP, RhoA, and Fyn. The numbers below the lanes correspond to the amounts of RhoA or E-cadherin bound to GST-p120-catenin fusion proteins, compared to the standard or to the amount bound to wild-type GST-p120-catenin. The results presented in this figure correspond to an experiment representative of at least three performed.
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at Biblioteca de la Universitat Pompeu Fabra on July 4, 2007 mcb.asm.org affected the phosphorylation of the p120-catenin(1-234) fragment catalyzed by Fyn (Fig. 3B , left panel) and Src (Fig. 3B,  right panel) . Thus, the Tyr112Phe mutation abolished almost completely the phosphorylation of this fusion protein by Fyn but it affected only slightly the phosphorylation promoted by Src (Fig. 3B , lane 2, left and right panels). By contrast, the behavior of the Tyr217Phe mutation was the opposite of that found with the Tyr112Phe replacement (Fig. 3B, lane 3 , left and right panels). These results indicate that p120-catenin Tyr112 is phosphorylated more actively by Fyn than by Src, suggesting that the posttranslational modification of this residue is responsible for the inhibition of the interaction of p120-catenin with RhoA. In order to demonstrate the relevance of Tyr112 in the inhibition of the RhoA-p120-catenin interaction by Fyn, we performed binding assays using the p120-catenin(1-234) form, where Tyr96 and Tyr228 had been replaced by Phe. As shown in Fig. 3C , this mutant protein interacted with RhoA with affinities similar to that of its wild-type counterpart (Fig. 3C,  right panel, compare lanes 2 and 3) . Phosphorylation by Fyn prevented the interaction, whereas Src enhanced it (Fig. 3C,  right panel, lanes 3, 4, and 5) , similarly to what happened with the wild-type form, further supporting the irrelevance of Tyr96 and Tyr228 in the effects of Fyn. When the same assays were performed with a mutant containing the additional replacement of Tyr112 by Phe, phosphorylation by Fyn increased its affinity towards RhoA (Fig. 3C, left panel) . These results suggest that the Fyn-dependent phosphorylation of p120-catenin on Tyr112 prevents RhoA binding, whereas the Src/Fyn-dependent phosphorylation of the Try217 residue induces the opposite effect.
To further check the relevance of the phosphorylation of these residues, we replaced each of them with glutamate residues to mimic the effect of the negative charge introduced by the phosphate groups. As shown in Fig. 3D , binding of RhoA to the p120-catenin Tyr112Glu mutant was completely abolished. Instead, the p120-catenin Tyr217Glu mutant interacted with RhoA significantly better than the wild-type form (approximately 2.05-fold Ϯ 0.14-fold [n ϭ 3]). A Tyr228Glu mutation also upregulated the binding of p120-catenin to RhoA, although to a lower extent than the Tyr217Glu mutation (Fig.  3D) . These mutant proteins were also tested for E-cadherin binding by use of a similar experimental approach. The Tyr112Glu and Tyr217Glu p120-catenin mutants presented a better association with E-cadherin than did the wild-type counterpart (Fig. 3E ) (2.55-fold Ϯ 0.24-fold and 2.85-fold Ϯ 0.31-fold [n ϭ 3], respectively, for Tyr112Glu and Tyr217Glu). A mutant protein harboring both mutations interacted with Ecadherin slightly better than each of the single mutants alone (data not shown).
The relevance of the p120-catenin Tyr112 phosphorylation by Fyn was also determined in RWP-1 epithelial cells. Ectopic expression of Fyn greatly downregulated the amount of RhoA capable of coimmunoprecipitating with cotransfected p120-catenin (Fig. 3F, lane 2) . A similar block in the interaction was observed when the Tyr112Glu mutant was introduced in cells   FIG. 4 . p120-catenin interacts better with the RhoA-bound GDP form. (A) p120-catenin (1 pmol) was incubated with 2 pmol of GDPor GTP-loaded GST-RhoA. Protein complexes were affinity purified with glutathione-Sepharose and analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and Western blotting (WB) with an anti-p120-catenin MAb. p120-catenin (0.25 pmol) was included as an internal reference standard (St). (B) NIH 3T3 cells were transfected with two RhoA mutants: AU5-RhoAQ63L (which is always active) or AU5-RhoAT19N (inactive). After 48 h, cell extracts were prepared and incubated (300 g) with GST-p120-catenin. Protein complexes were purified with glutathione-Sepharose and associated proteins analyzed with a monoclonal antibody specific to the AU5 tag. Blots were reanalyzed with anti-GST to ensure that similar levels of fusion protein forms were present in all samples. In the Input lane, a sample containing 5% of the total cell extracts used for the assay was loaded. The results presented in this figure correspond to an experiment representative of three (A) or two (B) performed. in the absence of ectopic Fyn (Fig. 3F, lane 3) . However, when Tyr112Phe p120-catenin was used, Fyn was unable to inhibit the association between this p120-catenin form and RhoA (Fig. 3F, lanes 4 and 5) . Actually, Fyn increased this binding event slightly, although significantly, a result probably derived from its ability to phosphorylate tyrosine residues in addition to Tyr112 (e.g., Tyr217). Phosphorylation of Tyr112 blocks p120-catenin effects on RhoA activity. It is known that p120-catenin binds better to the inactive than to the active form of RhoA. To test the behavior of our mutant proteins in this biochemical property, we performed binding assays with RhoA proteins that were loaded with either GDP or GTP-␥-S (see Materials and Methods). p120-catenin was pulled down with a higher efficiency by a GST-RhoA loaded with GDP, approximately 4.5-fold (Ϯ0.52-fold) (n ϭ 3) better than by GST-RhoA loaded with GTP (Fig.  4A) . Assays using different mutants of RhoA confirmed our conclusion: p120-catenin interacted better with the RhoA Thr19Asn mutant, an inactive RhoA mutant (4, 32) , than with the RhoA Gln63Leu mutant, a RhoA mutant with impaired GTPase activity and, therefore, constitutively bound to GTP molecules (15) (Fig. 4B, lanes 3 and 4) . Consistent with this result, we also observed that p120-catenin acts as a RhoGDIlike molecule (Fig. 5) . The inhibition of the exchange of GDP with GTP was dependent on p120-catenin binding, since a deletion mutant lacking the RhoA-binding domain [p120-catenin(234-end)] was unable to retard the GDP release. As expected from the results described above, the p120-catenin Tyr112Glu mutant was totally inactive in this assay, confirming again that this residue is important for a stable interaction with RhoA. The binding domain by itself (amino acids 1 to 234) was not functional either, indicating that additional sequences in p120-catenin were required for stabilization. The use of additional controls demonstrated that the assay worked properly (Fig. 5) .
As an additional way of corroborating our biochemical ob- FIG. 6 . Phosphorylation of p120-catenin on Tyr112 by Fyn prevents repression of RhoA activity by p120-catenin. SW480 cells were cotransfected with 7.5 g of pcDNA3.1-Myc-His-RhoA wild type (WT) and (A) with 7.5 g of pEF-Bos-active Fyn, pEF-Bos-active v-Src, or pEF-Bos alone, (B) with pEF-Bos-active Fyn and 7.5 g of GFP, GFP-p120-catenin wild type, or GFP-p120-catenin Y112F, or (C) with the same amounts of GFP, GFP-p120-catenin wild type, or GFP-p120-catenin Y112E. After 48 h, cell extracts were prepared and added to a suspension of GST-rhotekin-glutathione-Sepharose. The amount of active RhoA was analyzed by Western blotting (WB) with a specific MAb against RhoA. servations, we analyzed the role of Tyr112 phosphorylation in p120-catenin activity in vivo.
To this end, we tested the effects of Src and Fyn on the levels of GTP-bound RhoA by using transient transfections in RWP-1 cells coupled to pull-down experiments with GST-rhotekin, which specifically retains the activated form of this GTPase. These experiments indicated that the overexpression of Src decreased the total levels of activated, GTP-bound RhoA (Fig. 6A , upper panel, compare lanes 4 and 5). In contrast, Fyn promoted RhoA stimulation due to the probable elimination of the RhoGDI activity of p120-catenin through phosphorylation of Tyr112 and the disruption of the p120-catenin-RhoA interaction (Fig. 6A , upper panel, lane 6). To further test this hypothesis, Fyn and p120-catenin were overexpressed in these cells. In the presence of Fyn, wild-type p120-catenin only slightly decreased the levels of active RhoA; however, the Tyr112Phe mutant decreased by 90% the amount of active RhoA in the presence of Fyn (Fig.  6B) . The ectopic expression of p120-catenin mutants also confirmed our conclusions, since the transfection of wild-type p120-catenin markedly downregulated the levels of active RhoA whereas its Tyr112Glu mutant was totally ineffective in such action (Fig. 6C) . Next, we checked the relevance of the phosphorylation regarding two effects of p120-catenin dependent on the inhibition of RhoA. RhoA controls formation of stress fibers through the activation of Rho-kinase and the inhibition of myosin phosphatase (18) . Therefore, we checked the effect of the transfection of the wild type or Tyr112Glu p120-catenin on the formation of stress fibers in fibroblasts. As shown in Fig. 7 , cells transfected with GFP presented abundant stress fibers, detected by staining with rhodamine-phalloidin. Cells overexpressing GFP-p120-catenin displayed very few stress fibers: compare in Fig. 7 (right upper panels) the transfected (GFPpositive) and untransfected cells. On the other hand, expression of the Tyr112Glu mutant did not significantly affect the number of cells with these structures, although the fibers seemed to be slightly shorter.
We also measured the activities of our mutant proteins in the previously described negative action of p120-catenin on NF-B activity, dependent on the inhibition of RhoA (26) . As expected, wild-type p120-catenin or Tyr112F reproducibly affected the activity of a promoter sensitive to the levels of NF-B (see Fig. SA2 in the supplemental material). By contrast, the p120-catenin Tyr112Glu mutant did not inhibit the activity of this promoter. Additional controls confirmed that all p120-catenin versions were expressed at similar levels in cells (not shown).
Phosphorylation of Tyr112 prevents induction of the "branching" phenotype after p120-catenin overexpression in fibroblasts. Overexpression of p120-catenin in fibroblasts induces a dendritic "branching" phenotype (1, 23, 28) . The acquisition of this phenotype has been reported to be at least partially dependent on the repression of RhoA activity (1, 23) . We observed this morphology in NIH 3T3 fibroblasts expressing GFP-p120-catenin. Approximately 50% of the transfected cells acquired a phenotype characterized by the presence of three or more long extensions (Fig. 8) . A representative cell is shown in Fig. 8B and the quantification of the morphologies observed after transfecting this construction in Fig. 8K . A smaller percentage displayed an intermediate morphology, FIG. 7 . Tyr112 controls formation of stress fibers. NIH 3T3 cells were transfected with 5 g of GFP vector alone, the GFP-p120-catenin wild type (WT), or the GFP-p120-catenin Y112E mutant. The presence of stress fibers was determined after staining F-actin with phalloidin-rhodamine and visualizing cells by fluorescence microscopy. Note that transfection of GFP or the GFP-p120-catenin Y112E mutant did not substantially affect the presence of stress fibers with respect to control untransfected cells not positive for GFP, whereas the p120-catenin wild type almost totally prevented it. The averages (Ϯstandard deviations) of the results obtained in two experiments in which at least 40 cells were examined are also included.
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at Biblioteca de la Universitat Pompeu Fabra on July 4, 2007 mcb.asm.org with one or two long extensions ( Fig. 8C and K) . Simultaneous overexpression of E-cadherin and p120-catenin prevented the induction of this phenotype ( Fig. 8D and K) , as previously reported (10, 23) . The branching phenotype was not observed when the two deletion mutants [p120-catenin(1-234) and p120-catenin(234-end)] were expressed (Fig. 8G, H, and K) . Curiously, these two fragments presented a cellular distribution different from those of the rest of the GFP-p120-catenin proteins, which were associated mostly to the cell periphery; p120-catenin was mainly cytosolic, whereas p120-catenin(234-end) was located also in the nucleus (Fig. 8G) . The presence of the characteristic dendritic morphology was also observed after transfection of the p120-catenin Tyr217Glu mutant ( Fig. 8E and K), which shows an enhanced interaction with RhoA. However, the Tyr112Glu mutant did not promote the acquisition of this phenotype (Fig. 8F ): only 10% of the cells presented a morphology similar to that shown in Fig. 8B or E (Fig.  8K) . When Fyn was cotransfected with GFP-p120-catenin, the acquisition of this phenotype was also partially prevented, further indicating that phosphorylation of Tyr112 in this protein prevents branching (Fig. 8J) . Curiously, Fyn by itself promoted significant morphological changes, with a higher percentage of elongated cells (Fig. 8I and K) . Therefore, these results suggest that interaction of p120-catenin with RhoA is necessary for the acquisition of the dendritic phenotype in fibroblasts. Phosphorylation of Tyr112 contributes to the regulation of p120-catenin-RhoA binding and RhoA GTPase activity by Kras in IEC-18 cells. Cellular effects of p120-catenin on RhoA activity and branching phenotype have been attributed to the cytosolic fraction of this protein (23) . However, activity of Fyn kinase is normally restricted to the membrane. We approached this problem by analyzing the cytosolic or membrane distribution of p120-catenin, RhoA, and Fyn in intestinal epithelial IEC-18 cells and in IEC-18 cells overexpressing K-ras oncogene (IEC-K-ras cells). In this cell system, K-ras oncogene expression has been shown to induce the phosphorylation of p120-catenin (19, 27) and the activation of Fyn kinase (27) . Compared to control IEC cells, IEC-K-ras cells present low levels of active RhoA, as determined by GST-rhotekin pulldown assays (Fig. 9A) . Cellular fractionation of IEC cells indicated that most of the endogenous p120-catenin was associated to the membrane fraction, although a significant VOL. 27, 2007 REGULATION OF p120-CATENIN RhoGDI ACTIVITYpool was also detected in the cytosol (Fig. 9B) . The distributions of p120-catenin were not significantly different in IEC and IEC-K-ras cells. Ectopically expressed p120-catenin was distributed similarly to the endogenous protein (Fig.  9C ). K-Ras overexpression increased the extent of tyrosine phosphorylation on p120-catenin, as observed by analyzing with an anti-PTyr MAb p120-catenin immunoprecipitates. This increase was detected to occur exclusively in the membrane-associated fraction, probably because Fyn was present only in this fraction (Fig. 9B) . RhoA cellular distribution was sensitive to K-Ras overexpression. In IEC cells, similar levels of RhoA were found in the membrane and cytosolic fractions (Fig. 9B) . K-ras transfectants presented lower levels of RhoA in the membrane fraction and higher levels in the cytosol, indicative of a release of RhoA from the membrane. Association of RhoA to p120-catenin was detected only in the cytosol by coimmunoprecipitation experiments (Fig. 9B) . The amount of RhoA associated to p120-catenin in this fraction was increased in IEC-K-ras cells with respect to IEC, probably reflecting the fact that higher levels of RhoA are found in the cytosol in these cells.
We reasoned that the inability to detect RhoA associated to p120-catenin in the membrane might be due to the rapid activation of this GTPase and the low affinity of GTP-bound RhoA to p120-catenin. Therefore, we transfected an inactive (Thr19Asn) mutant of RhoA to IEC and IEC-K-ras cells and analyzed its interaction with wild-type p120-catenin or with a mutant where phosphorylation by Fyn was prevented (Tyr112Phe). As shown in Fig. 9C , binding of p120-catenin to RhoA was detected in the membrane fraction only when phosphorylation of Tyr112 was prevented.
Therefore, Fyn activation and p120-catenin phosphorylation in Tyr112 correlate with a diminished ability of RhoA to bind to the membrane-associated p120-catenin, promoting the subsequent release of this GTPase to the cytosol and its binding and inhibition by the unphosphorylated form of this p120-catenin present in this fraction.
DISCUSSION
In this work we have shown that the N-terminal regulatory domain of p120-catenin is the region responsible for the interaction with RhoA. Perhaps more importantly, we have demonstrated that the association between p120-catenin and RhoA or E-cadherin, two proteins binding to different elements, is modulated by Fyn, Src, and Fer tyrosine kinases. As we have described previously for Src (30) , phosphorylation of p120-catenin increased the association of p120-catenin to E-cadherin. It is remarkable that the armadillo domain of p120-catenin, the region responsible for E-cadherin association, is not phosphorylated by these kinases. This result suggests that the armadillo and regulatory domains are in close spatial proximity and that, similarly to what happens in other proteins containing these repeats (5, 33) , the binding capability of the armadillo domain is regulated by distal elements. Experiments performed with p120-catenin deletion mutants further support this conclusion: a fragment comprising only the armadillo repeats binds E-cadherin better than the full-length protein (Fig. 1C) .
Other results suggest that both domains are functionally Fractions were precipitated with an anti-p120-catenin MAb and analyzed by Western blotting (WB) with the indicated MAbs. In parallel, an aliquot of the four different inputs was also analyzed. (C) IEC and IEC-K-ras cells were cotransfected with inactive AU5-RhoA(T19N) and GFP-p120-catenin, either the wild type or the Y112F mutant, or with GFP as a control. Cytosolic and membrane fractions were prepared as described above, and the exogenous p120-catenin was immunoprecipitated (IP) with an anti-GFP antibody. The immunoprecipitates and inputs were analyzed by Western blotting with the indicated antibodies. The results presented in panels B and C correspond to an experiment representative of three performed.
interdependent. As shown in our in vitro nucleotide exchange assays, p120-catenin acts as a GDI for RhoA. This activity requires the binding sequence in p120-catenin but also additional elements, as inferred from the observation that the fragment comprising amino acids 1 to 234 interacts with RhoA but is not sufficient to induce the inhibition of nucleotide exchange. This result suggests that the armadillo domain is necessary to protect the binding site for GDP, precluding the release of this nucleotide (Fig. 10) . Our data also indicate that binding of E-cadherin and RhoA to p120-catenin can occur simultaneously. These results are not contradictory to observations by several labs indicating that the inhibition by p120-catenin of RhoA activity is blocked by Ecadherin overexpression (1, 10, 23) . According to our model, binding to E-cadherin would not prevent p120-catenin association to RhoA but it might either induce a conformational change that would prevent the GDI activity (Fig. 10) or, alternatively, recruit a GEF responsible for the activation of RhoA, as it has been proposed previously (1) .
Our work has also demonstrated that the phosphorylation of different tyrosine residues of p120-catenin promotes distinctive effects on RhoA binding. Thus, whereas phosphorylation of Tyr112 totally blocks this association, the similar modification of Tyr217 (or Tyr228 to a lower extent) increases it. We consider it likely that the negative effect of phospho-Tyr112 is due to the interference in the association of RhoA. However, the positive effect might be more indirect (i.e., caused by the partial unfolding of the regulatory domain) and present analogies with the stimulation of the association of p120-catenin to E-cadherin. In this case, we have evidence indicating that the phosphorylation of several tyrosine residues promotes an accumulative effect because (i) the Tyr112, 217Glu double mutant binds E-cadherin better than any of the single mutants and (ii) phosphorylation of this double mutant by Src can still increase affinity for E-cadherin (data not shown). It is likely, therefore, that the phosphorylation of several tyrosines cooperates in the modification of the structure of p120-catenin.
Phosphorylation by Fyn kinase exerts an effect opposite than that of Src or Fer kinases on RhoA-p120-catenin binding. Both Fer and Fyn are detected constitutively bound to p120-catenin through its regulatory domain (16, 27) . It has to be determined whether both kinases can associate simultaneously to the same complex, but if this is not the case, as seems likely, the balance between the levels of these active protein kinases bound to p120-catenin would control the phosphorylation status of Tyr112 and, consequently, the association of RhoA to p120-catenin. The identification of the molecular mechanisms controlling the interactions of p120-catenin with these kinases is an interesting topic of research, as is the characterization of the signaling pathways regulating them.
We have also demonstrated that the interaction of RhoA with p120-catenin can be detected in vivo, since in intestinal IEC-18 cells, cytosolic p120-catenin coimmunoprecipitated with RhoA. Most of the cellular effects observed after transfection of p120-catenin are promoted by the cytosolic fraction of this protein, as has been demonstrated previously for the inhibition of RhoA activity (23) . However, we have also shown FIG. 10 . Proposed model for the regulation of RhoA activity by p120-catenin. p120-catenin protein is composed by the regulatory and the armadillo domains (1). After binding of RhoA to the regulatory domain, the armadillo repeats are disposed in the close vicinity of the nucleotide binding site of RhoA, hindering the release of GDP and therefore contributing to the GDI effect of p120-catenin (3). In cells, most p120-catenin is located at the membrane due to its interaction with the juxtamembrane domain (JMD) of E-cadherin (2). This membrane-associated p120-catenin is unable to work as a GDI due to either a conformational change induced in the armadillo domain by E-cadherin or the recruitment of a RhoA GEF (not depicted) by this protein. Therefore, GDP bound to RhoA is exchanged by GTP, and the affinity of the GTPase by p120-catenin decreases and is rapidly released (4). This effect of E-cadherin or E-cadherin-associated factor is not present in the cytosol; therefore, only cytosolic p120-catenin can work as a GDI (3). Activation of Fyn tyrosine kinase leads to phosphorylation of tyrosines 112, 228, and others in the regulatory domain of the p120-catenin located in the membrane fraction, where Fyn is normally present (5), and not in the cytosol (7) . Phosphorylation of Tyr112 prevents interaction of GDP-bound RhoA with p120-catenin (6), therefore precluding the activation of this protein and increasing the levels of this GTPase at the cytosol, where it can be bound and inhibited by unphosphorylated p120-catenin (8).
VOL. 27, 2007 REGULATION OF p120-CATENIN RhoGDI ACTIVITYthat the interaction of RhoA with p120-catenin could be detected in the membrane fraction when we transfected an inactive form of this GTPase (Fig. 9) . We have explained this result on the basis of the different affinities of p120-catenin by GDPand GTP-bound RhoA and the lack of effect of membraneassociated p120-catenin on RhoA activity. Therefore, although GDP-RhoA also interacts with membrane-bound p120-catenin, it would be activated to GTP-RhoA by a local RhoA GEF and therefore it would be rapidly released. A model presenting this hypothesis is depicted in Fig. 10 . We have reported previously the activation of Fyn tyrosine kinase in IEC-18 cells transfected with K-ras oncogene (27) . This tyrosine kinase is located in the membrane fraction; therefore, only the p120-catenin present in this fraction is phosphorylated under these conditions (Fig. 9) . Phosphorylation prevents association of inactive RhoA to membrane p120-catenin, enhancing the levels of RhoA in the cytosol, where it can interact and be inhibited by the active form of p120-catenin. Therefore, phosphorylation of Tyr112 in membrane-associated p120-catenin would exert an inhibitory effect over RhoA activity, contributing to the diminished levels of active RhoA observed to occur in these cells after transfection of K-ras (Fig.  10) . The different levels of stimulation of Fer, Fyn, or Src tyrosine kinases by this oncogene might help to explain the divergent results observed for RhoA activity in cells transfected with K-ras (9, 31, 38) .
A recent report has described the involvement of Src tyrosine kinase in the regulation of Rho by another GDI, a 25-kDa RhoGDI (8) . Phosphorylation of this protein by Src promotes its translocation to the plasma membrane and decreases its interaction with RhoA. On the contrary, on p120-catenin Src stimulates its binding to RhoA and enhances the interaction of this catenin with the membrane, probably through its binding to E-cadherin. It is possible that this lowmolecular-mass GDI also participates in the inactivation of RhoA in the cytosol, playing the same role we proposed for p120-catenin in this compartment (Fig. 10) . The relative affinities of RhoA for these two GDIs are an interesting matter of study, either when both GDIs are not modified or after the action of Src or Fyn tyrosine kinases.
Furthermore, different tyrosine kinases can also phosphorylate and activate another effector of RhoA, p190RhoGAP (11) . This protein can be coupled to the adherens junctional complex through its association with p120-catenin (35) . Although it has not been demonstrated formally, it has been proposed that tyrosine phosphorylation of p190RhoGAP facilitates its association with p120-catenin and the inactivation of RhoA in the membrane (35) . The molecular details of this complex remain to be characterized, for instance, whether p120-catenin directly interacts with p190RhoGAP and whether this association can take place simultaneously with the binding of RhoA to both proteins. In any case, it is possible that phosphorylation of specific residues of p120-catenin may also affect its interaction with p190RhoGAP, adding a new element to the control of RhoA activity.
Different cellular roles for p120-catenin have been identified in past years. Some of these roles require inhibition of RhoA by p120-catenin. For instance, the induction of a dendritic, branched phenotype by p120-catenin has been attributed to the ability to block RhoA activity and activate Rac1 (1, 10, 23 ).
The characterization of p120-catenin mutants unable to bind to RhoA described in this article provides new evidence supporting the relevance of the interaction of both proteins in the acquisition of the branched phenotype and introduces new tools to dissect the molecular pathways triggered by this pleiotropic protein.
